This study explores how north-south displacements of the Baiu front influence isotopic variation in Baiu precipitation. Deuterated water vapor (HDO), which was measured continuously in central Japan during the rainy season in 2010, showed clear intraseasonal variations associated with north-south migration of the Baiu front. Because water vapor transport by lower tropospheric southwesterlies from the subtropical high is characterized by relatively high HDO/H 2 O isotopic ratios, the highest HDO/H 2 O isotopic peaks were observed when the Baiu front migrated to the north of the observation site. Although these data were collected over only a one-year period, the findings can be used to explain interannual isotopic variations in Baiu precipitation during the period 1961−1978 at the Tokyo station. The isotopic content of June precipitation showed a positive correlation with the ratio of warm rainfall formed by subtropical marine air to total rainfall in June. This suggests that the isotopic content of Baiu precipitation is higher than that of a normal year, for years when the Baiu front shows prolonged stationary patterns in regions towards the Sea of Japan. Thus, we conclude that water isotopic ratios are a powerful tool for reconstructing past shifts in the position of the Baiu front.
Introduction
The major rainy season in Japan, which occurs in early summer, is associated with a quasi-stationary rainband called the Baiu. The Baiu appears in mid-May in the southernmost regions of Japan (Okinawa), and then migrates slowly northward across Japan from early June to mid-July. In late July, the Baiu rainband reaches northern Japan and the rainy season ends (e.g., Ninomiya and Murakami 1987) . Future changes in Baiu rainfall patterns in response to recent global warming is a topic of special interest.
Historical daily precipitation records in Japan (1901−2009 ) show a significant increasing trend in the amount of precipitation in the late Baiu season (mid-to late-July) over northern Japan (Endo 2011) . The physical processes responsible for this trend have been identified in analyses of meteorological patterns over the latter half of the 20th century. Yamakawa (1998) and Inoue and Matsumoto (2003) found that the end of the Baiu season has been delayed since 1980. Sato and Takahashi (2001) and Inoue and Matsumoto (2006) reported that the northward migration of the Baiu front slows down in the late Baiu season. Interestingly, these observed changes are consistent with future changes predicted by high-resolution models under a scenario of global warming (Kusunoki et al. 2011; Kanada et al. 2012 ). In addition, Kanada et al. (2012) reported that the delay in the northward migration of the Baiu front may result in substantial increases in the amount of precipitation and in a southward shift of the mean location of the Baiu front from 33.5°N to 33.0°N during the late Baiu season. This result raises a question: How sensitive is the position of the Baiu front to climate change?
The Baiu front, which forms at the boundary between subtropical marine air and subpolar cold air, is identified as a sharp gradient in equivalent potential temperature θ e (Ninomiya 1984) . Thus, interannual variations in the position of the Baiu frontal zone (BFZ) can be examined using a global meteorological dataset (e.g., Tomita et al. 2011) . However, the length of the available dataset is limited to the latter half of the 20th century, a duration which is insufficient to examine the influence of decadal and multi-decadal scale climate variability on the BFZ. Thus, alternative approaches are required to examine BFZ variations, including proxy data obtained from ice cores, lake sediments, stalagmites, tree rings, leaf wax, and peat-bog cellulose. The purpose of this study was to identify a climate proxy that can be used to reconstruct past activity patterns of the Baiu front.
The stable water isotopologues HDO and H 2
18
O, which are referred to as stable water isotopes (SWIs), are plausible climateproxy candidates for the Baiu front. Variations in the SWI in atmospheric water vapor provide integrated information on the history of water fluxes and mixing between air masses during their transportation from their source areas to sites of deposition. Over the USA, Liu et al. (2010) showed that seasonally averaged patterns of SWI precipitation correspond to the spatial distribution of air masses, and that the boundaries between air masses are characterized by steep SWI gradients. In addition, interannual variations in SWIs in precipitation can be reconstructed from various types of climate proxy data, such as tree rings, stalagmites, ice cores, and laminated lake sediments (e.g., Frappier et al. 2007; Treydte et al. 2007 ). In particular, annual records of oxygen isotopic compositions of summer precipitation can be reconstructed from tree-ring oxygen isotope records using simple steady state model (Anderson et al. 2002) .
In this study, we examine whether the past location of the Baiu front can be reconstructed from the isotopic composition of Baiu precipitation. Recent advances in laser-based isotope analysis techniques have allowed direct measurements of atmospheric water vapor isotope ratios. Continuous in situ measurements of water vapor isotope ratios are now possible using commercially available laser spectroscopy systems. Therefore, we first explored intraseasonal isotopic variations during the Baiu season, using a water vapor isotope analyzer (WVIA), and whether the variations are associated with north-south displacement of the Baiu front. Then, we interpreted interannual isotopic variations in Baiu precipitation based on the results obtained from the short-term observations.
Data and method

Data
Continuous measurements of water isotopes were conducted Fig. 1 . Generally, the SMF axis is located to the south of the BFZ and the time-variation of the SMF axis follows that of the BFZ. Figure 2a shows the temporal variation of δD in surface vapor observed at Nagoya during the Baiu season. A peak in δD appeared in late June (25−28 June), and then relatively low δD values (< −120‰) were observed in early July (29 June−10 July). In mid-July, abrupt decreases and increases in δD values occurred (11 July−14 July), followed by relatively high δD values (> −100‰) from mid to late July. We first examined whether these isotopic variations are linked to north-south shifts in the BFZ. The time-series of the positions of the BFZ and SMF axis in central Japan (132°E−137°E) is shown in Fig. 2 . Interestingly, the observed increases in δD are associated with a northward migration of the SMF axis due to intensification of the NPSH.
Intraseasonal isotopic variability during the rainy season
When δD values were relatively high (> −100‰), the low-level wind direction was northerly and the SMF axis was displaced northward across the observation site (white vectors in Fig. 2b ). In contrast, when the wind direction was close to easterly, or the SMF axis remained at lower latitudes, relatively low δD values (< −120‰) were observed. For example, on 3 July, high moisture fluxes that correspond with the SMF axis were observed at the observation site, but the value of δD did not increase. On this date, a low-pressure system was approaching from the northwest, and therefore moisture was transported by westerlies along the southern edge of the low-pressure area. In addition, because vertical mixing between the boundary layer and free troposphere contributes to δD depletion in surface vapor (e.g. Kurita 2013), we also must consider the influence of intense vertical water transport associated with atmospheric convection (convection effect Kurita et al. (2012) , without the correction for time-dependent isotope drift. For δD measurement, this instrumental drift is negligible compared with natural variability, although instrumental drift in δ
18 O values is of the same order as the natural variability. Thus, we focus here on δD data. To evaluate the validity of WVIA-measured δD values, the corrected WVIA data are compared with the results obtained from a conventional method using the cold trap approach (Kurita et al. 2012) . Atmospheric vapor samples were collected once a day during the WVIA measurement period (64 samples were collected from July to October). The day-to-day variation of the δD from cold trap samples was successfully reflected by the WVIA values, although the short-term variation (within a day) could not be resolved by the measurement using the trapping approach. We calculated the time-averaged WVIA-measured δD values during vapor trapping and then compared them with the cold trap values for the same sampling periods. The mean value of the deviations of 64 samples was 0.6 ± 2.2‰. This value is very close to the analytical error associated with the cold trap method (± 2‰). Thus, we consider that the accuracy for WVIA-measured δD values is the same as that of the conventional method. The optimum averaging time of the WVIA was examined by Sturm and Knohl (2010) using the Allan variance method (Werle et al. 1993 ) and they concluded that the highest precision was obtained from a 10-to 15-minute average. We therefore used 10-minute-average data for the analysis.
The long-term records of the oxygen isotopic composition of precipitation (δ 18 O) at Tokyo station (35.7°N 139.8°E, 4 m a.s.l.) archived in the Global Network of Isotope in Precipitation (GNIP) database (available at http://isohis.iaea.org) were used to examine the interannual isotopic variation during the Baiu season. The data consist of monthly precipitation samples and are available from 1961 to 1978. The variation in oxygen isotopic content of precipitation mirrors that in hydrogen isotopic content.
The Japanese 55-year reanalysis project (JRA-55) dataset (Ebita et al. 2011 ) and the Japan Meteorological Agency (JMA) Climate Data Assimilation System (JCDAS) dataset (Onogi et al. 2007 ) were used to detect the location of the BFZ and for the other meteorological quantities. The JRA-55 (JCDAS) data are on a horizontal 1.25° × 1.25°grid with 37 (23) vertical layers from 1000 to 1 (0.4) hPa. Hourly and daily rainfall data from the meteorological observatory located nearest each isotope monitoring station (Nagoya University and GNIP Tokyo station) were also used in this study (Daily data are available at http://www.data.jma. go.jp/gmd/risk/obsdl/).
Identification of the BFZ
The Baiu front is characterized by a large gradient of equivalent potential temperature θ e (Ninomiya 1984) . Previous studies have used the location of the largest north-south gradient of θ e in the lower atmosphere to define the BFZ (Tomita et al. 2011; Kanada et al. 2012) . We therefore find the location of the BFZ using the vertically averaged (925−850 hPa) equivalent potential temperature áθ e ñ in central Japan (132°E−137°E).
Another characteristic of the Baiu is that the rainfall is maintained by moisture transport by southwesterlies along the northwestern rim of the North Pacific subtropical high (NPSH) (e.g., Ding and Chan 2005). Thus, we also defined the southwesterly seasonal minimum δD value (9 July) occurred during the passage of a frontal system that was accompanied by heavy rain. This suggests that the convection effect may lead to further decreases in δD values. One possible candidate to explain this minimum value is that a mesoscale convective systems (MCSs) was embedded in this frontal system, and that mesoscale subsidence injects isotopically depleted vapor into the subcloud layer (Kurita 2013 ). However, δD depletion was not observed in each rainfall event, so that the influence of the convection effect may be limited to temporal variations.
These observations indicate that during the Baiu season, temporal variations in δD are sensitive to north-south shifts in the SMF, as the SMF supplies subtropical marine air with relatively enriched δD values from the Pacific Ocean to central Japan. According to Kurita (2013) , the mean δD value of subtropical marine vapor is −82 ± 9‰. This value is very close to the mean δD value in vapor when the SMF was located over the present study site (−88 ± 5‰). On the other hand, δD variations were less sensitive to north-south movements of the BFZ than they were to shifts in the SMF. For example, the northward migration of the BFZ at the end of the Baiu season (around 17 July) was not accompanied by isotopic changes. This implies that subtropical marine vapor did not reach the center of the BFZ, but subpolar air, with isotopic values less than those of subtropical air, dominate the BFZ. Therefore, the Baiu front must be characterized by a sharp north-south δD gradient between the SMF and the BFZ.
Next, to reinforce the above explanation, we explored the variation of δD across the frontal zone. In early autumn, the Baiu front, which moved northward in early summer, retreats southward as the Akisame (Tomita et al. 2011 ). Similar to the BFZ, the Akisame frontal zone (AFZ) is formed at the transition zone between subtropical warm and subpolar cold air masses and is characterized by a sharp áθ e ñ gradient. Thus, the location of the AFZ can be identified in the same manner as for the BFZ. However, in contrast to the Baiu season, cold northerly winds from the Eurasian continent push the AFZ southward. Because the SMF gradually weakens, the AFZ disappears by late September. The temporal evolution of δD accompanying the passage of Akisame fronts is shown in Fig. 3a . In 2010, the AFZ was not stationary, and appeared only intermittently as a strong front, but evidently moved southward across the observation site (see Fig.  3c ). Relatively high δD values were observed in the southerly moisture flow present before the arrival of the AFZ, while abrupt δD decreases appeared in association with the passage of the AFZ (labeled A−E in Fig. 3 ). The approach of the AFZ from the north results in a gradual decrease in áθ e ñ (Fig. 3c) . The fact that the decrease in δD is coincident with the drop in áθ e ñ at the observation site (see Fig. 3a) suggests that the sharp decrease in δD values reflects a sharp north-south δD gradient across the frontal zone. Because the amplitude of δD depletion is independent of rainfall intensity (MCSs provides heavy rainfall), the influence of the convection effect may be small. However, the amplitude of the δD gradient was reflected in the áθ e ñ difference between subtropical warm and subpolar cold air masses. Lower áθ e ñ values in advected air masses correspond to lower values of the minimum δD peaks. From this, we conclude that a large north-south δD gradient across the front means that the isotopic content of vapor is sensitive to a north-south displacement of the frontal zone. In particular, the contribution of the subtropical marine moisture, which has higher isotopic values, may play a key role in the shortterm isotopic variability during the Baiu season.
Interannual isotopic variability in response to the variability of the Baiu
To reconstruct the past activity of the Baiu front using isotope records, we have to verify that interannual isotopic variation during the Baiu season is linked to north-south displacement of the Baiu front. Here, using the isotope data from Tokyo station (1961−1978) , we examine the sensitivity of the monthly mean isotopic content of precipitation to changes in the mean position of the Baiu front. The mean location of the Baiu front during precipitation days in June was evaluated using the relative contributions of warm rainfall (WR), defined as the ratio of rainfall formed by subtropical marine air (P subtrop ) to total precipitation (P total ):
The P subtrop is defined as the daily rainfall when the northern edge of the SMF area is located north of Tokyo (> 36°N) and áθ e ñ exceeds 335 K in the region between 137°E and 142°E. Based on this definition, cold rainfall is defined as the residual component of rainfall after subtracting the WR value. A comparison of the oxygen isotopic contents of June precipitation and the contribution of WR to total rainfall is shown in Fig. 4 . One remarkable feature is that in years when typhoon rainfall contributes largely to total rainfall, the δ
18
O values are greatly depleted (1963 and 1966) . This is because the strong southerly flow of typhoons brings heavy rainfall, which has extremely low isotopic contents (e.g., Fudeyasu et al. 2008 ). Thus, we ignored typhoon years (1963, 1965, 1966 and 1974) from the analysis (shaded in blue in Fig. 4) . Apart from these years, the interannual variation in δ 18 O of June precipitation corresponds well with that in the WR, and a statistically robust (p < 0.01) positive correlation was observed over the period 1961−1978. This suggests that years with relatively high isotopic values correspond to the Baiu front remaining stationary on the Sea of Japan side and no typhoons reach Tokyo on the Pacific side. However, years when the Baiu front remained on the Pacific side of Japan cannot be identified from the isotopic data at a single station because we cannot distinguish between cold rainfall and typhoon rainfall.
Summary
To verify that SWI is a plausible proxy for reconstruction of the Baiu front, we have explored how a north-south displacement of the Baiu front influences isotopic variation during the Baiu season. Continuous measurements of δD in ambient vapor during the rainy season have shown that the short-term variation of δD is linked to a north-south displacement of the frontal zone and that the highest δD peaks correspond to the Baiu front moving north of the observation site so that warm subtropical marine air is transported over the site by the southwesterly flow. This suggests that the seasonal average δD value will be higher (lower) than that of a normal year if the Baiu front remains north (south) of the site through the Baiu season or if the northward migration becomes faster (slower) in the late Baiu season. Although this explanation is only based on data for one year, it can account for the interannual isotopic variation of Baiu precipitation. Using the 17-year record of δ
18
O in precipitation at Tokyo station, we have shown that the year-to-year variation of δ
O in June precipitation corresponded to that of warm rainfall produced by the subtropical marine air. However, typhoon precipitation disturbed the isotopic variation associated with the north-south displacement of the Baiu front. Typhoons bring heavy rainfall with extremely low isotopic content, resulting in greater depletion of δ 18 O values in typhoon years than expected from the WR ratio. However, higher δ 18 O peaks do have a robust interpretation: the Baiu front was stationary over the Sea of Japan side and typhoons did not approach Tokyo. This means that the past location of the Baiu front can be reconstructed from the north-south gradient of the isotope record of precipitation during the Baiu season. The increasing number of high-resolution isotope records will enable us to identify the past activity of the Baiu front before the 20th century. Bottom) The average total precipitation amount in June (blue) and precipitation excluding typhoon rainfall (red) at meteorological station located near the GNIP Tokyo station.
